In existing FACE (Free Air CO2 Enrichment) systems , efforts have been made to maintain the CO2 concentration within a FACE ring at the setpoint value. Therefore , effects of only one elevated CO2 concentration on plants and/or ecosystems can be examined with one ring. The basic idea of the present study was, instead of controlling the CO2 concentrations within a ring at a constant value, to create and maintain a constant CO2 concentration gradient within a ring. In this way , examinations of the effects of different CO2 concentrations on plants and/or ecosystems would be realized using one ring. An artificial neural network was applied to control the CO2 gradient within a ring of a stretched hexagon with ten CO2 emitting tubes. The results of the experiments showed that when the wind speed was more than the detectable range by the anemometer (about 30 cm s-1), a concentration gradient was in most cases observed, though not completely the same as the target gradient. When the wind speed was less than the detectable value , the CO2 concentrations within a ring rose far above the target values and the gradient was not created.
INTRODUCTION
Predicting effects of increasing atmospheric CO2 concentration on plants and/or ecosystems has been one of the major research topics in global change studies , and many studies have been conducted on this point using controlled environment cabinets , greenhouses and/or open top chambers. However, more than a decade ago it was pointed out that all types of enclosures, such as greenhouses, open top chambers, produce changes in plant growth conditions including light intensity, light quality, temperature , humidity, wind speed, compared to open field conditions (e.g., Hendry et al., 1993) , and another experimental method named Free Air CO2 Enrichment (FACE) was proposed, which was thought to be free from artifacts due to enclosing plants with films or glasses. In FACE, CO2 gas is released in an open field and effects of elevated CO2 concentration on plants and/or ecosystems are studied.
In the existing FACE experiment systems, the experimental plots are enclosed with either an array of vent pipes (e.g., Lewin et al., 1994) or tubes (e.g., Okada et al., 2001 ) from which CO2 gas is released. The CO2 concentration of the released air or the pure CO2 gas release rate is controlled so that the CO2 concentration within the enclosure (hereafter, ring) is maintained at a constant level (setpoint). The spatial as well as temporal variations of the CO2 concentration within the ring are to be minimized.
In the FACE experiments hitherto, only one elevated CO2 level has been used, because examinations of the effects of several elevated CO2 concentrations on plants and/or ecosystems were not practical due to the funding and/or spatial constraints. In this report we propose a concentration gradient FACE, in which, instead of a constant CO2 concentration within a ring, a constant spatial CO2 concentration gradient is maintained by controlling the CO2 gas release rate. In other words, in one ring a range of CO2 concentrations from elevated to nearly ambient level would be realized, so that effects of various CO2 concentrations might be tested efficiently.
One of the major difficulties in realizing a gradient FACE system is the control of CO2 release. In existing FACE systems, the control variable is the CO2 concentration at a fixed point (mostly at the center of the ring). By contrast, in a gradient FACE system, the control variables are those at multiple points. Changing the CO2 release rate for one point simultaneously alters the CO2 concentrations at other points, and the relationship among CO2 release and the CO2 concentrations at the multiple points are aerodynamically complicated.
It is hardly possible to theoretically deduce a control algorithm in a gradient FACE under ever-changing micrometeorological conditions (wind speed, wind direction, and turbulence). To avoid this difficulty, we applied an artificial neural network (hereafter, NN) to control CO2 release in the gradient FACE. The NN learns the relationships among the operations and control variables' reactions from the past experiences and applies the learned relationships to the control. Additionally, following advantages are expected in applying NN to this problem : 1. Unlike the fixed control algorithm, the more it experiences (as the experiment goes on), the better it could control. 2. It can adjust the control method to the changing environment. For example, as the plants in a ring grow, the air flow pattern may be changed from that at the beginning of the experiment. Dominant wind direction may also change as the season progresses. The NN can adapt its control methods to these changes. 3. The same method can be used in different locations. Because there are no parameters which need locationspecific tuning before the experiment, the software in one place can be used in another place without any adjustments. Also, if the ring layout remains the same, the developed program can be applied even if the control hardware (e.g., mass flow controller) is different from the original one, because the program does not contain any hardware-specific parameters.
The objectives of the present study were to develop a gradient FACE system, to test its feasibility, and to locate problems in the field.
MATERIALS AND METHODS
In the existing FACE systems, the CO2 emitters are arranged in a circle or a circle-like configuration (e.g., an octagon in Rice FACE, Okada et al., 2001) . However, adopting these shapes to the gradient FACE was thought to be difficult for the concentration control. It was, instead, supposed that a shape of stretched ring, or a very long oval, has advantages as follows.
Let us assume that the setpoint at Point A in Fig. 1 is higher compared to that at Point B. If the wind direction is a, CO2 would be released at the rate from Point D and near around to maintain the concentration at Point A at the setpoint, which would inevitably make the concentration at Point C nearly the same value at Point A. However, if the wind direction
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296(38) Fig. 1 Illustration of the disadvantage of a circular ring for a gradient FACE experiment (see text for details).
•~CO2measuring points The experiments were conducted at the Rice FACE site in Shizukuishi, Japan (e .g., Okada et al., 2001) in the fall of 1999 after the harvest. The CO2 gas supply facilities in the Rice FACE experiment were used in this experiment. Pure CO2 gas was transferred from the tank to the experiment site and its pressure was reduced by a pressure regulator to 0 .3 MPa. The NN applied composed of three layers : input layer (23 nodes), middle layer (23 nodes), and output layer (five nodes). Input data were : wind direction, wind speed, background CO2 concentration, CO2 concentration setpoints at the five locations along the CO2 gradient, five CO2 concentrations (present values), five CO2 concentrations (5 s before present), and five CO2 concentrations (10 s before present). Thus, not only the present values of the CO2 concentrations but also the past values were included, hoping an effect similar to the D component of the PID control logic. The CO2 concentrations setpoints at the five measuring points were 300, 250, 200, 150, and 100 umol mol-1 above the ambient concentration.
Output data from the NN were CO2 gas release rates from the windward five tubes. Note that the causal relationships were partly reversed in the input-output relationships in the NN : CO2 gas release rates effects the CO2 concentrations at the measuring points, while in the NN, the former are the outputs and the latter are the inputs. In this way, the outputs of the NN could be directly applied to the control. Measurements and control were conducted every 5 s. Before the start of the NN control, 100 examples were created by the following control algorithm and these data were fed to the NN to initiate learning. In this beginning phase, CO2 release from a tube was regarded to affect only one CO2 measuring point which was the nearest one from the line drawn from the center of the tube to the wind direction. Release rate was controlled based on the PD algorithm.
RESULTS

AND DISCUSSION
Many trials were conducted. Here, the results of the about 900 min long experiment are presented. Figure 3 shows the temporal variations of the wind speed and the average error (absolute values of the differences between the setpoint CO2 concentrations and the measured Environ. Control in Biol.
298 (40) ones, averaged over the five measuring points). The test began at 18: 30. It can be seen that during the night, the wind speed was very low and sometimes (about 300-800 min in Fig. 3 ) below the detectable limit by the anemometer. In these cases, the error became remarkable. Figures 4-9 show some examples, together with the wind speed and wind direction data. One minute after the beginning of the experiment (Fig. 4) , the wind blew at more than 1 m s-1 and clear concentration gradient was observed, although slightly higher than the setpoints values. However, as the experiment went on, this gradient became partly corrupted (Fig. 5 : both ends) or the gradient became smaller (Fig. 6) . Though somewhat degraded, we could observe concentration gradient in most cases when the wind was detectable . However, when the wind was less than the detectable range (Figs. 7 and 8), the measured concentrations were much higher than the setpoints. Difficulties of controlling the CO2 level at the time of low wind speed have been reported also in the existing FACE systems (e .g., Okada et al., 2001) . The same arguments also hold for the gradient FACE. But , when the wind blew again in the morning, the gradient was recovered, though not completely (Fig . 9) . Table 1 shows the average CO2 concentrations at each point. As a whole , the realized concentrations were
300(42) somewhat higher than the setpoint values, even when the wind blew, and reversed gradients were partly observed (points 2 and 3 : points 4 and 5). However, when the wind was not detectable, the realized concentrations were remarkably higher than the setpoints values, and the gradient was not constructed. Thus, we can conclude that, as long as the wind speed is higher than the detection limit (about 30 cm s-1), NN control of the gradient FACE has a very high potential, though at the present state of the installation, its behavior is not yet satisfactory. The problem is, however, Vol. 42, No. 4 (2004) (43)301 As to NN, decreasing the number of inputs is expected to improve its behavior (faster convergence). For example, in this experiment, input variables included five setpoint values , a background value, and five measured values. These 11 values could be integrated into five errors (differences between the setpoint and measured values). Thus, the number of inputs can be reduced by six. The shape of the ring is another issue. The present shape was determined mostly by intuition. We conceived, as mentioned above, that a narrow shape would be easier to create a concentration gradient than the circle or circle-like shapes. Admittedly, the shape has not been optimized. The optimal ratio of the length to the width should be determined not only from the control viewpoint but also from the viewpoint of the requirements for physiological research in the future. Last but not least, choice of the experiment site is one of the key points for the success of the gradient FACE. Stable wind would remarkably reduce the difficulties in controlling the gradient FACE. Our results showed that when the wind was undetectable, control became extremely difficult. Therefore, constantly blowing wind would facilitate the control. It is also expected that if the wind direction is stable, the control would Environ.
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302 (44) become much easier.
In this experiment, we tried to set the ring with the main axis perpendic- This study was partly supported by Grant-in-Aid for Scientific Research (A)(2), No. 07556108, the Ministry of Education, Culture, Sports, Science and Technology, Japan.
